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We report on an angular resolved X-ray Absorption Spectroscopy study of LaojSro^MnO^ thin films epitax- 
ially grown by pulsed laser deposition on slightly mismatched substrates which induce tensile or compressive 
strains. XANES spectra give evidence of tetragonal distortion within the MnO(, octahedra, with opposite di- 
rections for tensile and compressive strains. Quantitative analysis has been done and a model of tetragonal 
distortion reflecting the strain has been established. EXAFS data collected in plane for tensile substrate con- 
firm the change in the Mn — O average bond distance and the increase of Mn — Mn length matching with the 
enlargement of the cell parameter. From these results we conclude that there is no significant change in the 
Mn — O — Mn angle. Our observations conflict with the scenarios which this angle is the main driving parame- 
ter in the sensitivity of manganite films properties to external strains and suggest that the distortion within the 
octahedra plays a key role in the modification of the transport and magnetic properties. 

PACS numbers: 75.47.Lx, 68.55.-a, 78.70.Dm, 33.15.Dj, 31.15.Ar 



I. INTRODUCTION 

The delicate balance between orbital and spin interactions 
in doped manganites (REi- x A x MnC>3, RE = rare earth, and 
A = alkaline metal) leads to many interesting exotic proper- 
ties. Among them the colossal magneto-resistance brought 
about the stir of interest for this class of materially. It has 
been largely reported that the remarkable properties of doped 
manganites show drastic sensitivity to small changes in their 
structural parameters and the form of the samples^. At the 
atomic level this versatility is correlated to distortion within 
the manganese coordination octahedra MnO^ and modifica- 
tions in the angle cp = Mn - O - Mn*&L. The Mn 3+ ion 
has an high-spin t\ configuration and the deformation of 
the metal-ligand octahedra stems from the Jahn-Teller inter- 
action, that tends to lift the degeneracy of the d orbitals and 
stabilize the energy levels of the occupied d electron. The 
angle <p is Jt in a cubic structure, but is bent and deviated 
from K in non-cubic compounds. Thin films of manganites, 
grown using deposition techniques similar to the ones devel- 
oped for high-temperature superconductors (pulsed laser de- 
position, sputtering, MOCVD,. . . ), drawn large possibilities 
in the design of tunable magnetic devices 8 . Thus it has been 
early observed that manganites films display properties sig- 
nificantly different from those of the bulk material and these 
properties are dependent on the film thicknessMi2ii£. One 
prominent example is the decrease of the Curie temperature 
Tq as the strain increasesii^. This characteristic has been 
associated to the strain induced by the lattice mismatch. It 
should be noted that in bulk manganites the sensitivity of 
Tc for applied hydrostatic pressure and "chemical" pressure, 
i.e. structural distortion changing the average radius of the 
atom in the A site, is well known and associated to modifi- 
cation in angle (p. This correlation is simply derived when 
one remembers that description of the transport and magnetic 
properties are determined by the effective intersite hopping 



Uj of the e g electrons via O 2p states that controls the dou- 
ble exchange. In the strong ligand field approximation the 
p — d transfer interaction is scaled as t p d = t° d cos((p), (t° d 
transfer interaction for (p = 7t) then Tc is almost proportional 
to cos 2 <Sj&diH. As t° d depends on the Mn — O distance, the 
transport properties are also expected to vary with this dis- 
tance. To understand the correlation between the substrate- 
induced strain and the modifications of the transport and mag- 
netic properties in thin films, it is then important to explicit 
the connection between the crystallographic cell strains and 
the modifications in the local parameters&Siii. Several exper- 
imental studies by X-ray Absorption spectroscopy have ad- 
dressed the local organization in manganites films, and varia- 
tions of the local environment in thin films versus bulk sam- 
ples, pointing out the importance of the local distortion around 
Mraifiii^*! 7 ". At the moment it does not seem that a full con- 
sensus is reached about what the main distortion at the local 
scale is. In La x Ca\^ x MnO^ films, with x close to 0.7, Min- 
iotas and coworkers^ do not observe any modification within 
the coordination shell, but reported on variations of the Mn- 
Mn distance, according to the substrate misfit strain. They 
conclude that the biaxial strain is accommodated by appropri- 
ate bending of the Mn — O — Mn angle. On the other hand 
thickness-dependent Mn coordination asymmetry is reported 
in thin film of the system Nd^Sr^MnOs close to the charge- 
ordered stataii These results suggest the importance of the 
biaxial strain on the electron localization, quite different from 
the effect of an hydrostatic pressure. 

Lao.ySrQ^MnOi manganite exhibits ferromagnetic transi- 
tion around room temperature (T c ps 360Aii2ii&) and fully 
spin-polarized conduction band. These characteristics made 
this compound attractive as low cost magnetic sensor and 
a perfect model material for correlated electrons properties. 
LaojSro^MnOi crystallize in a the rhomboedral R3c (D^ d ) 
variant of the cubic perovskite, with La and Sr randomly 
distributed on the A site (6a positions) 513 . The ratio be- 
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tween the cell parameter a and c is close to l/\/2\/3, so 
that this structure can be considered as "pseudo-cubic" with 
a=3.87A. From the crystallographic data the angles (p are 
close to 165° and there is no distortion of the MnO^ oc- 
tahedra. A measure of this distortion is given as the root 
square deviation of the Mn — O distances from their aver- 
age value: o JT = \J 3L; [(Mn — 0)i — (Mn — O)] 2 , which is 

of about 1.2 x 10 A in the prototype Jahn-Teller compound 
LaMnOi at room temperature associated to the strong local- 
ization of the e g electron. In the metallic LaojSro^MnOi 
compound, the e g electron is delocalized and the contribution 
of the spontaneous energy-lowering Jahn-Teller distortion of 
the M« 3+ O c j 18 i 19 does not give rise to a measurable average 
distortion of the octahedra. In X-ray absorption spectroscopy 
(XAS) the coordination shell around Mn atoms can be mod- 
elled with one unique Mn — O distance at ml .94A 20,21 . 

In a precedent papes 2 ^ we reported on the evidence of dis- 
tortion within the coordination octahedra around the Mn in 
LaojSro.3Mn03 thin films from the angular dependence of 
the XANES (X-ray Absorption Near Edge Structure) spec- 
tra in strained films. In the present paper this study has been 
completed by new set of data, a quantitative analysis of the 
XANES spectra using the Natoli's rula 2 ^ and of EXAFS (Ex- 
tended X-ray Absorption Fine Structure) measurements in the 
plane of strained and relaxed films. This complete set of ex- 
perimental results is combined to ab initio calculation of an- 
gular resolved XAS for a local distortion in tensile and com- 
pressive substrates, that account for the angular dependence 
of the spectra. We found a tetragonal distortion of the MnOe 
and no significant modifications in the Mn — O — Mn angle. 
These findings stress the importance of the distortion of the 
ligand field around the manganese atoms. The strain-induced 
modification in the film properties should then be mainly as- 
cribed to t® d and the variations of hybridization between the 
metal and ligand orbitals, which tends to localize the e g elec- 
tron at the Mn site. In the section|II]we present the basis of the 
angular resolved X-ray Absorption Spectroscopy and remind 
the basis of the Natoli's rule and the principles of data anal- 
ysis. In section [HI] we give the characteristics of the sample 
and thoroughly describe the experiments. The results obtained 
from XANES and EXAFS analysis are detailed and discussed 
in section ITV1 and IV! The prominent aspects of this study are 
then summarized in section lvTI 



n. X-RAY ABSORPTION SPECTROSCOPY 

The absorption cross section o(co), ratio between the ab- 
sorbed energy and the incident photon flux, is given by the 
summation over all possible final states of the transition prob- 
ability from the initial | i > to a final state | / > . In the dipo- 
lar approximation of Fermi's Golden Rule^i, each probabil- 
ity can be expressed by | (/ 1§ • r\ i) | 2 . Due to the dot product 
e • r , the absorption cross section in anisotropic media has 
the same structure as the dielectric constant and can be de- 
scribed by a tensor of rank two, whose expression depends 
on the point group of the media^i. If the studied system is 



randomly oriented, the contribution of the dipole interaction 
to the absorption coefficient reflects an average of the con- 
tributions in all orientations. In oriented systems, the contri- 
bution of each dipole interaction term can be selected. The 
simplest expression of the dichroic effect is obtained for non- 
cubic samples, with a rotation axis of order greater than two, 
where one can find two different cross sections. For this par- 
ticular case, and expressing in terms of the linear absorption 
coefficient /j °< o(w), one defines two parameters: m stands 
for the absorption coefficient when the electric vector lies in a 
plane orthogonal to the rotation axis and /j± is the coefficient 
when the electric vector is along the rotation axis. For any 
given orientation of the electric vector, measured by the angle 
related to that rotation axis, /j(8) reads: 

/u(Q) =^||«'« 2 e + ^ ± cos 2 (1) 

This expression is valid over the whole energy XAS range 2 ^. 
Selective pieces of information can be extracted using angle- 
resolved XAS, as long as oriented samples are available. An- 
gle resolved XAS is widely used to improve the results of 
conventional analysis and enhances the sensitivity of XAS 
to probe very tiny difference in anisotropic systems, like 
anisotropic single-crystals 2 ^ 2 ^, surfaces^ and multilayers 2 ^. 

The angle resolved EXAFS data have been analyzed fol- 
lowing standard procedures 29 . For the analysis of the XANES 
data we combined to ab initio simulations, a semi-empirical 
approach based on the so called Natoli's rulaS. 

XANES Mn K-edge spectra were calculated by real space 
full multiple scattering using the Feff8.2 code 30 . The poten- 
tials are modeled with the Hedin-Lundqvist exchange correc- 
tion, taking into account a single hole in Mn Is orbital, with- 
out screening effect. Atomic positions are given for a set of 
atoms whose centers are located at a distance R c . The electric 
field vector polarization is defined in relation with the atomic 
structure orientation, and then all the photoelectron scattering 
terms, are weighted using the equation Q. This procedure 
enables to calculate independently the information from the 
different angular contributions to the absorption. 

The calculations are conducted self consistently in a sphere 
of radius RSCF, providing a calculation of the Fermi energy 
(k = 0) accurate to a couple of eV. Full multiple scattering is 
taken into account for R t < RFMS, while only single scat- 
tering contributions are contemplated for outer atoms. No 
specific dynamical contribution to the disorder (Einstein or 
Debye model) was introduced in the calculations. The ra- 
dial disorder has been modeled by a Gaussian broadening, 
where a has been approximated by the Debye-Waller factor 
obtained from the EXAFS analysis of the coordination shell 
(o = 0.06A). The broadening due of the experimental energy 
resolution has been partially taken into account by including a 
shift of 0.6eV in the imaginary part of the potential. The cal- 
culated spectra were normalized by the value at 50eV above 
the absorption edge and a small energy shift of -1.8 eV has 
been applied to fit the edge position in the experimental data. 

The Natoli's rule expresses the linear relationship between 
the wave vector of the photoelectron at a multiple scattering 
resonance, and l/R, where R is the distance to the nearest 
neighbors. It is justified theoretically within the framework 
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Table I: Samples nomenclature and characteristics obtained by X-ray diffraction. Biaxial strain factors can then be defined as Em 
and £x = °" L a ^°" t ■ where ay and «x arc the in plane and out of plane lattice parameters of films respectively. 



Composition (nomenclature) 



Strain (relaxation) 



Thickness (relaxation) 



Lattice parameter 



Strain factors £i| (Ex) 



La 0J Sr , 3 MnO 3 (LSMO) 




oo 


3. 87 A 




LaAlOi (LAO300) 


Fully relaxed 


300nm (t c w 30wn) 


3.793A 




LaAl0 3 (LA045) 


Compressive (~ 10% relaxed) 


45nm (t c ^ 30nm) 


3.793A 


-2.0% (2.3%) 


MgO (MO60) 


Fully relaxed 


60nm 


4.21A 


^0% 


SrTi0 3 (STO60) 


Tensile (fully strained) 


60nm (t c « lOOnm) 


3.905A 


0.9% (-0.8%) 



of the multiple scattering theory. The absorption cross sec- 
tion is determined by the multiple scattering matrix M of the 
photoelectron with kinetic energy (hk) 2 /2m = E,--E Q + V, 
with E r energy of the resonance, Eo absorption threshold and 

V average muffin-tin interstitial potential. The maxima of the 
absorption correspond to the condition DetM = 0, giving the 
relation k-R = constant. The extraction of the variation of 
the interatomic distance in unknown systems is complicated 
by the determination of k = [h/2m(E r — Eq + V)] l ' 2 because 

V is unknown and cannot be determined experimentally. To 
overcome this problem the energy separation of a multiple res- 
onance in the continuum from a bound state at the threshold 
AE r = {E r — Eh) can be used to determine the variation of the 
interatomic distance 2 ^. The rule is then expressed under its 
usual form : 

(E r -E h )R 2 = K (2) 

This rule is valid only for a range of about 20% variation 
of the interatomic distance R, where the energy dependence 
of the scattering phase shifts is negligible. It has been suc- 
cessfully applied to the case of Cu-O bonds in a large series 
of high temperature superconductors 25 . In these systems the 
constant K was found to be about 46eV.A 2 . This corresponds 
to a AE r = 1 1 -4eV for a Cu-0 bond of 1 .95 AA 



III. EXPERIMENTAL 

The LaojSro^MnOi (LSMO) thin films have been epitax- 
ially grown in the [001] direction by pulsed laser deposition 
under tensile (SrTi0 3 [001]) and compressive (LaA10 3 [001]) 
substrates with cubic and pseudo-cubic structures. The small 
lattice mismatch between LSMO, STO and LAO allows a 
pseudomorphic growth and the films are fully constrained for 
thickness below the critical thickness (t c ) for each cas o 11 ! 31 . 
MgO substrate (cubic) with large lattice mismatch (9%) was 
used to obtain an unstrained textured film. A summary of the 
sample characterization by X-ray diffraction is given in table 
13 and more details can be found elsewher o 11 ! 31 . 

The x-ray absorption experiments were performed at the 
D04B-XAS beamline of the Brazilian synchrotron light lab- 
oratory (Laboratorio Nacional de Luz Smcrotron, LNLS) 
in Campinas 3 ^, Brazil at the Mn K-edge (6.5keV). The 
monochromator was a Si (111) channel-cut. An ion cham- 
ber monitored the incident beam. 0.5 mm-slits selected beam 
in the orbit plane = 0) with an acceptance of 0.03mrad. 



The light on the sample was predicted to be more than 99% 
linearly polarized 33 . The XANES spectra were collected in 
the range 6440 to 6700eV with 0.3eV-energy steps. The in- 
strumental energy resolution was leV, of the same order as 
the core hole width (1.16eV), leading to an overall resolution 
of 1.5eV. During a sequence of XANES experiments, ther- 
mal effects in the optics induce a small energy shift. This 
shift was carefully monitored by recurrent collections of the 
XANES spectra of a Mn metal foil (edge in 6539. leV). The 
energy scale of the XANES spectra were then corrected using 
this calibration curve. Moreover the corrected energy scale 
was checked by performing the same operations on second 
set of XANES data collected in a inversed time sequence. En- 
ergy shifts as small as O.leV are certified. The XANES were 
normalized at about 150eV above the edge to be compared in 
intensity. 

The experimental setup included a goniometer with the ro- 
tation axis perpendicular to the orbit plane. The sample plates 
with surface of 5 x5mm 2 were placed on the goniometer with 
the surface aligned with the goniometer axis. The spectra were 
collected in two geometries: with the electric field of the inci- 
dent linearly polarized photon beam set approximatively par- 
allel and perpendicular (ji±) to the fil m surface. Actually 
the working angles were 10°and 75°, that can induce system- 
atic errors for ^ and But these errors are low ( <3% for 

and about 7% for /j±){eq. Q) and have been dismissed. 
For ,U|| measurements the beam size at the sample holder was 
0.1 x 4.5mm 2 . The lateral size of the beam was reduced by a 
factor 4 for/Jx measurements. 

To check possible errors in the alignment, as well as any 
kind of sample anisotropy in the plane, the sample, with a 
given were also mounted on a goniometer with rotation axis 
along the propagation axis of the photons beam, /jq— XANES 
spectra with the same 9 but rotated around the propagation 
axis beam were then collected. The spectra were identical ac- 
cording to the experimental error, confirming that the samples 
are isotropic in the plane 

Data acquisition were performed in the fluorescence mode 
collecting the Mn K a (near 5.90keV) photons using a Ge 15- 
elements solid state detector. With this photons energy, about 
10/jm of substrate is probed beyond the whole films (25 to 
300nm). This raises no much trouble for STO substrate, but 
for LAO substrate, the La — £ a ,pi,p2,y fluorescence lines of the 
substrate are more intense, and superimposed to the magni- 
tude of the Mn — K a fluorescence and their contribution can- 
not be totally dumped by the selection window. In the LA045 
sample, the total acquisition time reaches a minimum of 4 min 
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Figure 1: Experimental XANES spectra for the fi± and jj^ contri- 
butions in LA045 and STO60 films. The Inset shows the pre-edge 
structure for STO60 film. 



per point for the XANES range, and EXAFS data with satis- 
factory signal over noise ratio could not be collected. For the 
La-free substrates (STO and MO) due to the reduced beam 
size and the occurrence of a large number of Bragg peaks in 
this geometry, it was not possible to obtain p.± EXAFS data 
of the required quality. Only EXAFS data were collected, 
over 800eV above the edge. 



IV. RESULTS 
A. Mn-K XANES 

The /U|| and /JxXANES spectra for tensile and compressive 
films (fig. ^ show the classical features observed in man- 
ganites compoundsii^: pre-edge peaks (A)22i2£, arising from 
p-d mixing transition when the (9/, symmetry is broken and 
relatively sharp rising edge and broad bond resonances, dom- 
inated by the "white line" (labelled resonance B) assigned to 
transitions to Ap empty states. 

In the pre-edge range no difference can be evidenced be- 
tween the angle resolved m and /j± (fig. [2 insert), or between 
of the angle resolved XANES of the strained films and the 
isotropic spectra of the relaxed ones. 

Above the rising edge two main effects are observed: an 
energy shift in the position of the main jump and correla- 
tively in that of the resonance B, and changes in the shape 
and amplitude of this resonance. The shifts for the tensile and 
compressive films are in opposite directions. For the tensile 
substrate STO60, the negative energy shift (-0.4eV) in the in- 
plane spectrum shows that the average Mn — O bond length is 
larger in the film plane than out-of-plane of the film. On the 
other hand in the film LA045 under compressive strain, the 
positive energy shift (+0.9eV) indicates that the average bond 
length is smaller in plane as out of the plane of the film (Na- 
toli's rule - eq. (0). We must emphasize here that as the va- 
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Figure 2: Energy shift at the Mn K-edge relative to the relaxed film, 
plotted against the strain induced by the substrate. At the top scale, 
the strain is associated to the local Mn — O bond lengths. 

lence state remain unaltered, all energy shift effects discussed 
in this paper are related to bond length changes. 

We observe that the amplitude of the shift for the LA045 
film is about twice that for the STO60 one, and of the same 
order as the ratio of the long range strain factor among these 
films. These results are summarized in the figure|2] The strain 
on the cell parameters is directly related to average octahedral 
modifications and suggests a model of tetragonal distortion at 
the atomic scale. Considering a cluster centered in the man- 
ganese, a model structure is built by transforming the coordi- 
nates (x,y,z) of a given atom to (x + E\\x,y + Eii y,z + £±z). The 
angle (p is not modified. The length of the Mn — O bond in the 
plane and out of the plane of the films are proportional to the 
corresponding cell parameters and directly derived from the 
strain factor : R\\ = Rq(1 + and/?x = #o(l +£_l) ■ 

This model can be confronted with the experimental data 
using the Natoli's rule (see section UTi^: (£,- — E/,)R 2 = K. 
The resonance considered here is the B resonance correspond- 
ing to Is — > Ap antibonding a* transition. The energy E r is 
then the energy of maximum at the edge. For small changes 
in the ligand distance 8R = R — Rq, resulting in small en- 
ergy shifts 8E = E r — E r Q, with respect to the reference en- 
ergy E,-o, a linear relationship is obtained by differentiation: 
8E = —2^(E,q — E[,). In the following the relaxed film 
LAO30Q is taken as reference {E rQ = 6558.0eV, R = 1.948). 
The experimental energy shift related to the position of main 
resonance &E can be plotted as a function the variation of dis- 
tance with respect to the distance Rq, as introduced by the top 
scale in figure|2] The relation is linear, in accordance with the 
Natoli's rule, giving for AE r t, = E r Q — 10.5eV . 

An additional remark should be made on the comparison 
of the XANES spectra in strained and relaxed films: the main 
slope at the absorption edge is larger for the strained films than 
for the relaxed one, and the derivative (fig. reveals the pres- 
ence of two contributions (peaks marked by vertical arrows). 
This result will be discussed in the next section, along with 
the EXAFS results. 
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Figure 3: XANES spectra and its derivative for in-plane measure- 
ments on LA045 and MO60 films. The vertical arrows indicate con- 
tributions likely coming from two different distances. 



The modifications of the main line are not straightforward 
interpreted by qualitative considerations and we resort to ab 
initio simulations. The clusters used in calculations are build 
from the structure and cell parameters of Lao.7Sro.3MnO?, reg- 
ular octahedron MnO(, in the symmetric D^ d group, and con- 
sidering only La in the A site. Identical calculations were per- 
formed with several random combinations of Sr and La on 
this site. These different calculations lead to similar spectra. 
21 atoms clusters calculations (central Mn, 6 O in the coor- 
dination shell, 8 (La,Sr) atoms and the third shell of 6 Mn 
atoms) give a good agreement with main features of the ex- 
perimental spectra, relevant for the present study. As a matter 
of fact the main features discussed here are determined by the 
coordination polyhedron. Thence for the simulations of the 
strained structures only the coordination polyhedra were dis- 
torted, and the A atoms and the Mn shell are kept in the po- 
sitions of the relaxed structure, using local order parameters 
scaling with the crystallographic cell parameters of the films. 
The 21 -atom spectra correspond to a radius R c = 4 (all calcu- 
lations use RFMS = 4 and RSCF = 4). 

The simulations were done using two models for MnO(,: 
keeping the Oh symmetry for MnOs or considering a tetrago- 
nal distortion. As expected for this isotropic case, ^ and /j± 
XANES spectra are identical. We also observe that in simu- 
lated spectra keeping the <9/, symmetry foiMnOf, the shape of 
the of the B feature is almost unaltered. Thence a remotion of 
the octahedra symmetry is necessary to account for the alter- 
ations in the XANES spectra of the strained films. The cal- 
culations shown in figure 0] were performed for clusters with 
tetragonal distortion of the MnOs "octahedra". The calculated 
structures reproduce well the main features of the experimen- 
tal results. They account as well for the energy shift, in am- 
plitude and direction, as for the relative reduction of the am- 
plitude of the main feature close to the edge, among the two 
orientations for each film (fig. 
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Figure 4: Simulated XANES spectra for the /jx and /j^ contribution 
of the supposed LA045 and STO60 films structures. 



B. Mn-K EXAFS 

As EXAFS signal cannot be collected for LA045, our study 
is limited to the STO60 sample. A complete EXAFS char- 
acterization of the octahedral deformation would require a 
measure of the Mn — O out of plane distance from the fj±- 
EXAFS in this sample. As we mentioned in the section |H1 
for ^measurements the presence of a large number of Bragg 
peaks associated to a lower flux prevents from the collection 
of data with proper quality for this analysis. EXAFS signal 
for LaojSro.iMnO?, bulk and /U|| in strained and relaxed films, 
are shown in figure[5] The extraction of this signal is a critical 
point when one intends to compare data collected with non- 
equivalent and relatively low signal over noise ratio. To cer- 
tify the results we resort to several codes2i22i22i2il making use 
of different extraction procedures based on spline or polyno- 
mial fits of the atomic background or/and Fourier transform 
filtering. The tail of the La L\ XAS spectra (Eo = 6267eV) 
is largely removed by the signal extraction. It contributes 
weakly to low frequency component in the EXAFS spectra of 
the bulk LaonSro.^MnO^. Small departure from the bulk-like 
correction in the films have been neglected. The extension of 
the EXAFS spectra is limited in the films limiting the r-space 
resolution of the study through the relation hr.hk w 7t/2. How- 
ever, a discussion of the local distortion in LaojSro.jMnOj 
bulk is out of the scope of this paper. The information we 
seek here is related to small shifts with respect to a relaxed 
bulk-like situation, whose spectra are then taken as reference. 

The Fourier transform of the EXAFS signal of 
LaojSro.iMnOi bulk is given in the figure [6] The first 
main peak corresponds to the oxygen coordination shell. In 
our low resolution data this shell can be properly fitted using 
calculated amplitude and phases relative of the Mn-O pair on 
the basis of the crystallographic structure, by assuming one 
Mn-O distance. According to our comparative approach, we 
extracted from the signal of this coordination shell, amplitude 
and phases relative to the Mn-O pairs, that will be later used 
to refine the data of the films. At higher distance in the 
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Figure 5: Mn K-edge EXAFS measurements of the films and bulk 
LaojSrmMnOi,. 



FT are shown the peaks corresponding to larger effective 
distances, including the A site neighbours and nearest-Mn 
single scattering (SS) contributions, as well as the multiple 
scattering (MS) contributions. In manganite compounds all 
these contributions must be taken into account together. In 
the present study we resort to ab initio simulations on the 
basis of the crystallographic structure to evaluate how far the 
analysis of the Mn next nearest neighbours can be simplified. 
Due to the high symmetry of atomic distribution around 
Mn atoms, the contribution of this shell is included in the 
relatively sharp FT peak at around 3.5 A. The simulations 

reveal that so far the low k part (k < 4.5 A ) of the signal and 
the peak sides and are not included (back Fourier Transform 
reduced to 3.3-4 A), the MS is dominated by the contribution 
the almost collinear of 4-fold paths involving Mn nearest 
neighbours and their common oxygen. We observe that 
this path is closely related to the Mn-Mn SS path, because 
Mn-Mn is one of its legs. The two other legs are Mn-O legs 
with a focusing angle close to 180, resulting to an effective 
length of the path very close to Mn-Mn distance. The length 
variation of the SS and MS dominant paths are then closely 
related. A variation in the Mn-Mn bond lengths will result, 
in a good approximation, to an identical variation in the 
effective length of the MS path. A new MS path can be 
parameterized constraining its parameters to be the same as 
those of the SS path. It was verified that a fitting procedure 
taking into account the two contributions with the same fitting 
parameters gives a satisfactory sensitivity to a variation of the 
Mn-Mn distance. Our fits have then been performed in this 
simple way, using both SS and MS paths, but without adding 
new variables to the fit, in compatibility with the limited 
number of independent points. 

The signal of first peak of the Fourier transform in relaxed 
and strain films was back-transformed over the R-mnge 0.9 
to 2.04A for the fitting procedure. We used relative phase 
and amplitude data obtained by two ways: extracting from 
experimental data for bulk material and from ab initio simu- 



Figure 6: Fourier transform of the EXAFS signal for the tensile film 
(STO60). The FT modulus (solid line) and the FT imaginary part 
(points) are shown. 



Table II: EXAFS results, for relaxed film (MgO) and under in-plane 
expansion (STO). Considering only the in-plane contribution. 



Coordination shell (Mn — 0) 




N 


R (A) a 1 ■ 10 4 (A-) 


A£ (eV) 


STO60 


1.3±0.5 


1.94±0.02 17±5 


-1.4±0.2 


2.7±0.5 


2.05 ±0.02 17 ±5 


-1.4±0.2 


MO60 


4(fixed) 


1.95 ±0.01 25 ±5 


-1.4±0.2 




Mn next neighboring shell (Mn — 


Mn) 




N 


R(A) G 2 -10 4 (A") 


A£ (eV) 


STO60 


7± 1 


3.890± 0.005 25 ±5 


0.4 ±0.2 


MO60 


6±1 


3.875±0.005 13±5 


0.4 ±0.2 



lations. Identical results are obtained in the two cases. In the 
relaxed film MO60 (or LA300) a single shell fit with Mn - O 
bond of (1 .95 ± 0.02) accounts for the experimental data. In 
the strained film STO60, we obtained for the bond length a 
larger average value (Mn — O) of (2.01 ± 0.02). In this case, 
we should point out that the achievement of repetitive fits of 
equivalent quality, needed the introduction of two different 
Mn - O bonds at (1.94 ±0.02) and (2.05 ±0.02) respectively 
(tableQ]}. One-shell fits lead to non-repetitive or meaningless 
results and quality factors worse by at least a factor 4. 

The signal of Mn nearest neighbors has been selected by 
back-Fourier transform in the R-range 3.3 to 3.95. The low 
range part (< 4.5A ), was dismissed. Procedures using 
backscattering amplitude and phases obtained from a bulk 
sample give good fits and the Mn — Mn distances are deter- 
mined with small relative uncertainties (~0.005A _1 ). The re- 
laxed films the Mn—Mn distance is found to be 3.875, as it is 
in the bulk compound. In the tensile STO60 film this distance 
is 3.89, i.e. increased by about 0.02 in comparison to bulk 
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compound and the relaxed films (table Hill. 



V. DISCUSSION 

From EXAFS we found an average Mn — O in-plane 
distance larger in the strained STO60 film as compared to the 
relaxed samples. This states for an enlargement of the basal 
MnO/\ square. Much care should be taken, however, on the 
interpretation of the numerical values associated to these fits. 
In Lao.7Sro.3M/2O3 bulk compounds it has been observed that 
the local structure around Mn atoms can be described as well 
by a model of regular octahedron or a distorted octahedron 
with different Mn-O distances, these models cannot be un- 
ambiguously distinguished even in a high resolution study^i. 
In the present low resolution study the absolute value of the 
variation in Mn — O distance between strained and relaxed 
film (0.06 ±0.04) has a limited significance, and only express 
the expansion of this distance, in agreement with the XANES 
analysis. 

The fin- EXAFS analysis of the coordination shell, however, 
rises another comment. It is well settled that in an EXAFS ex- 
periment the k-range available limits the minimum distance 
separation AR that can be resolved in the analysis. It is usu- 
ally considered that 2AkAR should be larger that Jt. From this 
criteria distance separation lower than 0. 1 2 A cannot be unam- 
biguously evidenced in our study. However we consider that 
the tendency to obtain two separate sub-shells for the fit of the 
coordination shell in the constrained film STO60 should be 
noted. We should stress that our approach is comparative and 
that, when a two-shell fit is performed with the same condi- 
tions in the relaxed samples, the two distances invariably col- 
lapse to give one unique value. This indication of the possible 
coexistence of two distances in the plane has to be related to 
another experimental evidence obtained from the study of the 
rising edge in constrained films, where two contributions were 
observed (fig|3j. These observations can lead to two different 
conclusions. In a first hand the biaxial strain may induce an 
additional unexpected small additional distortion of the basal 
plane of the MnO(, octahedra. This distortion would express 
a tendency to recover a Jahn-Teller distortion in this plane. 
On the other hand the observation of two distances can be 
related to the existence of two domains with different relax- 
ation states, as observed by Qian et alJi in Ndo.sSrosMnO^. 
Depth sensitive local probe as X-ray absorption measurements 
at grazing angle would be necessary to settle this point. No 
quantitative evaluation of this -clearly very small- splitting can 
be given and it will be dismissed in the following. 

Based on the differential Natoli's rule, SE = —2^(E r — 
Eb), and on the model of tetragonal distortion for the octahe- 
dra reflecting the film strain, we deduce from the slope of the 
curve in figureEjAE^ = (E r - E b ) = 10.5 ± 0. \eV . Using the 
Mn — O distance of 1 .95 A of the relaxed films, a constant K 
of about 41 eV. A 2 is found. This value is close to that obtained 
for Cu-O bonds in high temperature superconductors 2 ^ Due 
to the electronic similarities between these two metallic per- 
ovskite systems, the interstitial potentials are expected to be 
similar. The value of AE r b fix the position of the bond level 



Eb in the XANES spectra. The energy of the resonance B is 
6558eV in the relaxed spectra, so that Eb = 6547<?V, about 4eV 
above the pre-edge structure (A) and close to the onset of the 
main edge (figQ. It is worth noting that the actual position of 
the bond level for Cu-O in high temperature cuprates is also 
few eV apart from the pre-edge features 2 ^. The agreement 
between constant K and the reasonable value for the bonding 
energy express the validity of the model. We consider that for 
the coordination shell the values determined by XANES anal- 
ysis far more precise than those obtained from EXAFS and 
further discussion is based on these values. 

The first important statement deduced from our XANES re- 
sults is that MnO(, geometry is directly affected by the strain 
and cannot then be considered as fully determined by the sto- 
ichiometry of the compound. This statement is in agreement 
with the findings of Qian and coworkers^ in a quite differ- 
ent system and could then be generalized in manganite films. 
These findings stress the importance of the distortion of the 
ligand field around the manganese atoms. 

In the bulk LSMO system, the MnOe octahedra can be 
consider as regular. In the thin films the distortion of the 
MnOe octahedra induced by the strain can be expressed by 

a = y |L; [(Mn - 0)j - (Mn - O)] 2 , in a similar way that 
for Jahn-Teller distortion. Using the values deduced from 
XANES analysis we have o = 0.041 for the LA045 film, 
about one third of the Jahn-Teller distortion in LaMnOj,. The 
trapping of the e g electrons at the Mn site by such tetrago- 
nal "Jahn-Teller like" distortion may largely be responsible 
for the lowering of the Curie temperature observed in these 
films. The strain-induced modification in the film magnetic 
and transport properties should be ascribed to the variations 
of hybridization between the metal and ligand orbitals and a 
reduced transfer interaction t^ d , reducing the double exchange 
by localizing the e g electron. 

The increase of the Mn —Mn distance is determined by EX- 
AFS analysis with a good accuracy. In the tensile STO60 
film this distance is increased by 0.02 in comparison to bulk 
compound and the relaxed films. This corresponds to a rel- 
ative variation of 1%, matching the cell parameters and of 
the order of the increase of the Mn — O distance, as found 
by XANES analysis. Consequently the cp angle is not -or very 
weakly- modified. This results are conflicting with those ob- 
tained by Miniotas et al>i& in La x Ca\- x MnOT, films. In almost 
equivalent strain conditions, they reported variations of about 
8° in the (p angle, and no variation in the Mn — O distance. 
They consequently conclude that the biaxial strain is accom- 
modated by appropriated modification of the tilt angle. The 
modification of the Mn — O distance is unambiguously shown 
by our XANES data. Due to the accuracy on the distance de- 
termination and the large angles involved (around 165°) we 
cannot conclude about possible small variations (<2 — 3°) of 
the tilt angle. A limited variation in the tilt angle (p may in- 
deed exist. However we have shown that a model of accom- 
modation at the atomic scale of the strain experienced by the 
cell, accounts perfectly for the XANES data, so that tilt angle 
variation is not necessary to this accommodation. Hence we 
believe that, in spite of the well established theoretical back- 
ground and experimental evidence of the influence of the tilt 
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angle on the magnetic properties in bulk manganites, the tilt 
angle is neither the only nor the main driving factor of the 
modification of these properties in strained manganite films. 

VI. CONCLUSIONS 

We presented here a characterization by an angle-resolved 
X-ray absorption spectroscopy, of the local scale structural 
distortion induced by substrate epitaxial strain around man- 
ganese atoms in LaojSro.iMnOi films. We show that biaxial 
strain is locally accommodated in the coordination shell, by 
distortion of the MnOs octahedron, without change in the tilt 
angle. These findings refuse the scenarios where MnOs octa- 
hedron would be entirely determined by the stoichiometry of 



the compound and a tilt in the octahedral linkage would be the 
only driving parameter in the strain dependence of the trans- 
port and magnetic properties of manganites thin films. We 
believe that changes within the octahedra, with an induced 
tetragonal "Jahn-Teller like" distortion, should have also a 
predominant role in the modification of these properties. 
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